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[11 The evolution and spatial distribution of the snow cover on the sea ice of the Arctic
Ocean was observed during the Surface Heat Budget of the Arctic Ocean (SHEBA) project.
The snow cover built up in October and November, reached near maximum depth by mid-
December, then remained relatively unchanged until snowmelt. Ten layers were deposited,
the result of a similar number of weather events. Two basic types of snow were present:
depth hoar and wind slab. The depth hoar, 37% of the pack, was produced by the extreme
temperature gradients imposed on the snow. The wind slabs, 42% of the snowpack, were
the result of two storms in which there was simultaneous snow and high winds (>10m s ™).
The slabs impacted virtually all bulk snow properties emphasizing the importance of
episodic events in snowpack development. The mean snow depth (n=21,169) was 33.7 cm
with a bulk density of 0.34 g cm > (n = 357, r° of 0.987), giving an average snow water
equivalent of 11.6 cm, 25% higher than the amount record by precipitation gauge. Both
depth and stratigraphy varied significantly with ice type, the greatest depth, and the greatest
variability in depth occurring on deformed ice (ridges and rubble fields). Across all ice types

a persistent structural length in depth variations of ~20 m was found. This appears to be
the result of drift features at the snow surface interacting with small-scale ice surface
structures. A number of simple ways of representing the complex temporal and spatial

variations of the snow cover in ice-ocean-atmosphere models are suggested.
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1. Introduction

[2] Snow plays two important but somewhat conflicting
roles in the energy balance of the ice-covered Arctic Basin.
On one hand, due to its high albedo, it reflects up to 85% of
the incoming shortwave solar radiation [Geiger, 1957,
Barry, 1996], significantly retarding melting in the spring.
On the other hand, because it is an excellent thermal
insulator [Mellor, 1964], snow decreases the rate of sensible
heat loss from the ocean and ice, a process that promotes
slower ice growth. The balance between these two effects is
critical in determining the overall heat budget of the Arctic
Ocean and the thickness of the sea ice [Maykut and
Untersteiner, 1971; Ledley, 1991].
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[3] One of the chief goals of the Surface Heat Budget of
the Arctic Ocean (SHEBA) [Perovich et al., 1999a, 1999b]
was to understand the full suite of processes governing the
exchange of energy between the ocean and the atmosphere
in the Arctic Basin. Because of the importance of snow in
these exchange processes, a detailed set of measurements of
the temporal development and spatial distribution of the
snow cover were made during the experiment. They are
reported here. Surprisingly, only a few prior descriptions of
the Arctic Ocean snow cover are available.

[4] A second goal of SHEBA was to produce improved
parameterizations of energy and mass exchange processes
for regional and global models. Unfortunately, the snow
cover is variable in both in time and space. It builds up as
the result of an irregular sequence of precipitation and wind
events that are hard to predict. The wind scours the snow
from some areas, deposits it in others, leading to large
lateral gradients in snow properties including depth, density,
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Figure 1. Location of the snow measurement stations

closest to the SHEBA ship. Lines and boxes indicate
measurement probe lines and mapped areas. Stations farther
from the camp are listed in Table 1 but are not shown on
Figure 1 to allow details of the ice to be visible. Camp
position is for 18 April 1998, midway through the intensive
snow measurement period; the photomosaic is from 17 May
1998, but little change had occurred in the snow and ice
between the two dates.

stratigraphy, and thermal conductivity. Ice thickness, tem-
perature, and surface roughness all play a role in determin-
ing the amount of snow initially deposited and its
subsequent metamorphism, thereby affecting the albedo,
the thermal conductivity, and the snow water equivalence.
Modeling the snow cover accurately is not simple. It
requires that we understand the spatial and temporal vari-
ability of the snow properties. Based on our study, we
provide guidance on how this modeling might best be done.

2. Methods

[s] Snow observations started in October 1997 when the
SHEBA camp was established in the Beaufort Sea at 75°N,
142°W. They were continued until 11 October 1998 when
the camp was closed. During that period, the camp drifted
2800 km to 80°N, 162°W. Stake lines (e.g., “main snow
line” in Figure 1) ranging from 200 to 500 m in length were
installed shortly after the camp was established. Snow depth
and ice thickness were measured at the stakes and between
them 14 to 46 times during the year, with the greater
frequency at the lines closer to the ship [Perovich et al.,
1999a, 1999b]. An observer would walk along the line,
reading the depths on ruled tapes affixed to the stakes, or
probing the depth with a pole every few meters between the
stakes. About halfway through the year, manual depth
measurements with a probe pole were replaced by measure-
ments made using a self-reading probe (available at http:/
www.uspto.gov/patft/index.html; see patent 5,864,059)
which increased the number of readings substantially. This
change, and other contributing factors like weather, dark-
ness, and a variety of observers, resulted in a wide range in
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the spacing, location, and number of measurements on each
line. We have made statistical adjustments in order to
compare the data between one set of measurements and
the next. Break-up of the ice and ridging also resulted in
measurements sequences that did not sample the same
spatial base, for which corrections have also been made.

[6] Hourly measurements of air temperature, wind speed
and direction, humidity, and precipitation were recorded just
south of the SHEBA camp (R. Moritz, personal communi-
cation, 1999). A sonic depth sounder (Campbell Scientific
UDG-01) mounted at the station called “Seattle” (Figure 1)
recorded the hourly change in the surface elevation of the
snow from 1 November 1997 onward and was accurate to
+5 mm. It could also be used to determine when snow
transport was taking place because the acoustic signal was
degraded during those times. At the time it was put into
operation, an average of 11 cm of snow ice and snow
covered the sea ice at the site, a small melt pond that had
recently refrozen. Hourly readings of temperatures within
the ice and snow were also recorded at the Seattle site using
thermistors (spaced vertically every 0.1 m) attached to a
pole that was placed in a hole drilled into the ice and which
extended up into the snow [Perovich and Elder, 2001].

[7] Between 28 March and 11 May, a period when the
snow cover had reached near maximum depth but had not
yet started to melt, intensive measurements of snow depth,
density, stratigraphy, snow water equivalent (SWE), and
hardness were made at 70 stations located between 0.5 and
16 km from the ship (Figure 1 and Table 1). At most
stations a 100 m tape was laid out and the snow depth was
probed every 0.5 m. A hole was drilled through the ice and
the seawater was used as a datum for a level survey of the
snow surface, again at the 0.5 m spacing. A rotating laser
and self-reading rod (SmartStik, accurate to +0.02 m) was
used for this purpose, as described by Holmgren et al.
[1998]. Subtracting snow depth from the snow surface
elevation gave the ice surface profile. The snow water
equivalent (SWE) was determined at 10 locations along
the line using a tube to core through the snow to the ice and
then weighting the cores. The stratigraphy was observed
and classified in 6 snow pits using techniques described in
the International Classification for snow on the Ground
[Colbeck et al., 1992], including a qualitative test for snow
hardness. Occasionally, a long trench instead of a pit was
excavated and the stratigraphy in the trench wall was
recorded. Sometimes using a hand probe, other times using
an FM-CW radar [Holmgren et al., 1998], snow depths were
collected over longer traverse lines (200 to 1000 m) at a
spacing of 0.1 m. At four locations, depths were measured
at 0.1 m intervals on multiple parallel lines spaced 2 m apart
in order to map snow depth contours over areas of several
hectares (two of these areas are shown in Figure 1).

3. Results
3.1. Temporal Evolution

[8] The snow cover at SHEBA built up in October and
November, achieving relative maturity and near maximum
depth by mid-December. From then until late May, its depth
and properties changed only a small amount (Figure 2). At
sites near ridges, there was a modest secondary increase in
depth toward the end of the winter (April—May), but in
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Bulk Density,
g/cm3
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cm SWE, cm SD, cm

Maximum,
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Depth,
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Table 1. (continued)
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undeformed ice the late winter increase was minimal. This
late winter differentiation in depth resulted from wind
transport of snow leading to drift accumulation near ridges
and scouring in more neutral locations, a fact reflected in the
continually increasing standard deviation of depth (SD in
Figure 2b) during the winter at the main snow line, which
included both ridges and undeformed ice.

[¢] The buildup of the snow cover was the result of the
deposition and subsequent metamorphism of the 10 layers
of snow shown in Figure 3 and described in Table 2. Similar
stratigraphy was observed in almost all snow pits (n = 195),
though wide variations in layer thickness, density, hardness,
and degree of metamorphism were common. At any given
site, one or more layers might be missing, in which case the
snowpack was thinner. As will be shown later, missing
layers were more likely to be observed in areas of smooth
ice, and typically, the missing layers were from higher in the
stratigraphic column.

[10] Layers were composed of one of three basic types of
snow: depth hoar (layers b, ¢, d, and e), wind slab (layers f,
g, and j), or recent (layers / and 7i)(Figure 3). In addition, at
the base of the pack there was a thin, intermittent layer of
snow ice (layer a). The depth hoar, a low-density, brittle,
highly permeable type of snow with low thermal conduc-
tivity and large ornate grains (5—15 mm) [Trabant and
Benson, 1972; Akitaya, 1974] formed both at the base of the
snow and near the surface of the SHEBA snowpack. Strong
gradients in early winter turned layers » through d into
“classic” depth hoar, while diurnal temperature cycling in
April and May resulted in near-surface kinetic growth
[Birkeland, 1998] that produced small (0.5 mm) but dis-
tinctively faceted depth hoar-like crystals in near-surface
layers. Wind slab, a fine-grained (0.3 to 0.8 mm), dense,
well-bonded type of snow with high thermal conductivity,
formed during storms when snow grains were tumbled by
the wind, breaking them and producing smaller grains
which packed together and sintered into a strong, well-
bonded layers [Seligman, 1980; von Eugster, 1950]. The
most conspicuous example at SHEBA was layer f, which
formed when some of the highest and most sustained winds
of the winter occurred. The recent snow had a wide range of
grain characteristics that depended on meteorological con-
ditions during snowfall [Nakaya, 1954; Magono and Lee,
1966], but generally was of low-density and low thermal
conductivity. After deposition, it metamorphosed and com-
pacted rapidly in response to gravitational settlement and
fluctuations in temperature.

[11] The snow layers comprising the SHEBA snow cover
(Figure 3) were produced by 10 fairly discreet weather
events (defined as continuous periods of precipitation, wind,
or wind plus precipitation), as shown in Figure 4. Most of
the events were short-lived, less than 24 hours in length.
However, the events responsible for the formation of the
two most prominent snow layers in the pack (wind slabs f'
and g) were multiday storms with combined wind and snow.
Even including these, however, the combined time for all
the key weather events constituted only a small fraction of
the entire winter (~6%). Unfortunately, the first layer-
producing events of the 1997—1998 winter occurred before
we arrived at the SHEBA site and were not witnessed. They
had deposited about 10 cm snow, of which the bottom
layers had been converted into snow ice.
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Figure 2. The increase in snow depth through the winter of 1997—1998, SHEBA camp. The heavy black
line is an hourly record from a sonic sounder at Seattle. It came into operation on 1 November 1997. The
heavy gray line is the depth from the stakes on the main snow line, for which observations start on 11
October, at which time there was 11 cm of snow. Other lines are average values from stake lines in the
vicinity of SHEBA. The numbers in parentheses after the line names indicate the number of stakes used in
computing the values, and the number of stakes excluded due to depths affected by drifting or scouring. The
record from Seattle increases more rapidly than the others because snow drifted into the small refrozen melt
pond where the sonic sounder was located. The SD of depth for the main snow line is shown at the top.
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Figure 3. Generalized snow stratigraphy column for the SHEBA area, 1997—1998. Symbols follow the
International Classification for Snow on the Ground [Colbeck et al., 1992]. Dates indicate the
approximate time when the layer was deposited. The snow ice was derived from snow that had fallen
before we arrived at the site. Layers 4 and i were so similar they could rarely be differentiated in the field.
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Table 2. Snow Layer Characteristics at SHEBA, 1997—1998

Thickness, Percent Total
Unit Parameter Snow Code  Density, g/cm3 Hardness cm SWE, cm SWE kbulk, W/m K
J average 6 0.316 3 4.8 1.5 9 0.203
n=11 SD 0.064 1 33 0.000
i average 2 0.187 1 4.2 0.8 5 0.087
n =199 SD 0.068 1 2.8 0.060
g average 5 0.321 2 6.9 2.2 13 0.164
n =103 SD 0.061 1 6.0 0.068
f average 7 0.403 4 10.7 43 26 0.264
n =201 SD 0.061 1 9.3 0.070
d average 9 0.344 3 7.5 2.6 16 0.182
n =385 SD 0.072 1 6.0 0.070
c average 12 0.279 2 6.5 1.8 11 0.087
n =182 SD 0.056 1 5.1 0.033
b average 13 0.343 3 5.1 1.8 11 0.270
n =102 SD 0.132 1 4.7 0.236
a average 15 0.507 5 3.1 1.5 9 0.528
n=9 SD
Hardness Code Snow Type Code Snow Type Code
Fist 1 new 1 very hard slab 8
Four fingers 2 recent 2 slab to hoar 9
One finger 3 fine-grained 3 depth hoar 10
Pencil 4 medium-grained 4 chains of hoar 11
Knife 5 soft slab 5 chains of hoar, indurated 12
Ice 6 moderate slab 6 chains of hoar, voids 13
hard slab 7 icy hoar 14
snow ice 15

Precip. (mm)
(w) ypdag

11/1/97 1/1/98 3/1/98 5/1/98 7/1/98
Date

Figure 4. Snow layer formation as determined from correlation of weather records with the snow depth
at the Seattle station. See Figure 3 for layer descriptions. As discussed in the text, the timing of the
precipitation from the Nipher-shielded gauge is thought to be reliable, but the amount is not.
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[12] Many events in the weather record that might have
been expected to produce a stratigraphic layer did not
(Figure 4). In total, the record contained about 30 precip-
itation events and at least 26 periods when winds were
sufficiently fast to transport snow (usually assumed to be
between 4 and 6 m s~ [Kuz 'min, 1963; Takeuchi, 1980]).
This was particularly true during the middle and end of the
winter (February to April) when numerous small snowfall
events produced only a few, relatively thin layers of snow
(layers h, i and j). These layers were more discontinuous
than layers lower in the pack and contained an insignificant
amount of snow water equivalent (SWE) (Table 2). One
reason for the dearth of late winter layers is that during the
middle and end of winter, simultaneous wind and snowfall
was not common, except during the event that formed slab
g. Another reason may be that precipitation amounts were
lower during this period than earlier in the winter (Figure 4,
middle), as discussed below.

[13] Winter precipitation is notoriously hard to measure in
a windy environment. The precipitation values shown in
Figure 4 come from a Nipher-shielded gauge (R. Moritz,
personal communication, 2000; see www.joss.ucar.edu/cgi-
bin/codiac/fgr form/id=13.735) and have been corrected
following the method of Goodison and Yang [1996]. In a
windless environment, the gauge performs well [Goodison et
al., 1981], but in windy conditions it undercatches the true
snowfall by a substantial amount, a problem that has been
widely investigated [Black, 1954; Benson, 1982]. The aver-
age correction factor applied to the SHEBA winter precip-
itation data was 2.5. Despite this correction, the total
cumulative winter precipitation was less than the snow water
equivalent observed on the ice. For example, during the first
three snowfalls of the season (those that produced layers b, c,
and d), the recorded precipitation at the Nipher-shielded
gauge totaled 0.9 cm. Based on the areca-wide average thick-
ness and density of these three layers (Table 2), at least 5 cm
of precipitation must have fallen. For the entire winter, the
mean snow depth at SHEBA was 33.7 cm and the mean
density was 0.34 g cm ™ (see section 3.2), giving a mean on-
ice SWE of 11.6 cm. The cumulative total based on the
corrected gauge record for the same period was 8.6 cm, or
approximately 74% of the SWE on the ice. Sublimation
losses from the snowpack (which would not have affected
the Nipher gauge) would drop this percentage another 5 to
20% [Pomeroy and Gray, 1995], suggesting that the recorded
precipitation was between 1/2 and 2/3 of the actual winter
total. Because of these difficulties, we place more reliance on
the timing of the winter precipitation than on its absolute
magnitude. We also suggest, based on the fact that no distinct
stratigraphic layers were added in middle and late winter, that
there was less precipitation later in the winter than earlier,
despite the fact that in the gauge recorded a fairly even rate of
precipitation throughout the winter.

[14] The weather records and snow stratigraphy suggest
dividing the winter into five distinct stages:

1. Ephemeral: During this stage, most of which occurred
before formal measurements began at SHEBA, snow fell on
wet ice and was subjected to above freezing temperatures.
These conditions changed some of the snow into a snow-ice
layer (layer a in Figure 3), which in places must have
melted away completely since it was observed only
intermittently.
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2. Rapid buildup: A quick sequence of storms in late
October and early November led to a rapid buildup of the
pack. Over 30 cm of snow (Figures 2 and 3; layers b, ¢, and d)
was deposited in the space of about two weeks. In some cases
(layer d), the snowfall was accompanied by wind sufficient to
cause drifting and noticeably higher densities (p = 0. 343 g
ecm ™). In other cases (layer c), high wind preceded the
precipitation but was dropping as it began to snow, producing
a low-density layer. Because all three layers (b, ¢, and d)
arrived early in the winter, they were subjected to strong
temperature gradients for periods longer than any other
layers. By April, when they were examined in detail, all three
had metamorphosed into an extreme form of depth hoar with
conspicuously large grains and very low values of thermal
conductivity [see Sturm, 1991].

3. Winter storms: From late November to May, the only
significant changes in the snowpack occurred when two
prolonged storms added wind slab layers to the pack. Layer f
was created during a weeklong sequence of snow and high
winds (>12 m s ') that started on 1 December 1997
(Figure 5). By the end of the storm, a thick, dense, hard
wind slab capped the underlying layers everywhere. The
upper surface of this layer was sculpted into dunes, barchans,
and sastrugi that played an important role in the deposition of
subsequent snow layers. Layer g was deposited during a less
vigorous storm between 29 January and 7 February. Unlike
the deposition of layer f, in which the high wind coincided
with snowfall, layer g was deposited as the wind speed was
dropping. It was half the thickness of layer fand not nearly as
hard. Layer f could only be penetrated by a knife, or
occasionally by a pencil, while g could be penetrated by a
pencil, or more often, a finger. Combined, layers f and g
accounted for 39% of the total pack SWE (Table 2).

4. Spring flurries: A series of small, inconsequential
snowfall events began in mid-March and lasted until the
snowmelt started on 29 May. These events deposited many
thin, soft snow layers, which were either immediately or
subsequently reworked by the wind producing layers that
were itermittent and often difficult to discriminate (i.e., %
from 7). This series of small snowfalls led to a limited increase
in the snow depth, adding less than 15% to the total SWE.

5. Melt: Continuous snowmelt began on 29 May 1998.

[15] The critical dependence of snow properties on the
combined timing of wind and snowfall can illustrated using
the development of layer f (Figure 5). During a three-day
period in late November, light snow with wind resulted in
the accumulation of about 7 cm of snow. On 3 December
the wind rose to 14 m s~ and began to erode and transport
this new snow, starting the development of a slab. However,
it was not until 8 and 9 December, when there was
simultaneous heavy snowfall and high wind, that the most
of the slab was deposited and its characteristics fixed.
Equally high winds were observed at other times during
the winter, in some cases following recent snowfalls, but
they failed to produce thick, dense slabs. For the deposition
of layer f, the combination of snow and wind was critical.

[16] One reason why simultaneous snow and wind might
have been necessary for the development of a major slab
layer like f'is that the air layer immediately above the snow
surface was frequently supersaturated with water vapor
[Andreas et al., 2002]. The moisture came from abundant
leads in the vicinity of the field area and is a common



SHE 23 -3

STURM ET AL.: SHEBA SNOW DISTRIBUTION

55 E snow depth = =
== wind speed 2 s
SN EERF
% —
__ S0 = s @
£ 2 2 3
2, 2 i 10 =
@ =
5 a
o3 45 n
g
® 40 2
| | | 0
11/26/97 12/1/97 12/6/97
Date

Figure 5. The formation of the f slab in December 1997.

occurrence over sea ice. Radionov et al. [1997] measured
condensation rates at the snow surface as high as 1 mm
month™'. The condensation occurs at the snow surface
because it is often colder than the air above it [Nyberg,
1938]. If this process was occurring at SHEBA, it must have
been subtle: We could not detect riming or hoar frost
formation and the snow often looked pristine and new.
However, recent snow that appeared to be unaltered was
observed to resist transport at wind speeds that should have
been sufficient to move the snow. We surmise that surface
riming and hoarfrost formation may have increased the
critical surface shear stress and therefore the wind speed
necessary for transport. Between 1 April and 15 May, at least
10 wind events in excess of 6 m s~ ' occurred, and yet during
this time, little or no transport of snow layers was observed.

[17] Unlike the episodic formation of wind slabs, depth
hoar formation was continuous throughout the winter. Winter
air temperatures were consistently low, while ice surface
temperatures were relatively high, so the temperature gra-
dient across the snowpack was often extreme and kinetic
crystal growth proceeded to a remarkable degree. Layers b, c,
d, and e were subjected to mean temperature gradients that
were about 1.5 times greater than those considered necessary
for the development of depth hoar (Figure 6) [see Marbouty,
1980; Armstrong, 1985]. Layers higher in the pack ( f, g, 7,
and /) were subjected to depth hoar forming gradients
intermittently. It is not surprising, then, that by late winter
the entire lower half of the snowpack had turned into depth
hoar. Even layers that had been worked by the wind, such as
layer £, in places had been converted by the extreme temper-
ature gradients. The development of depth hoar in the lower
part of the pack was also aided by the presence of a substrate
(ice) that could serve as a source of moisture for depth hoar
growth, a phenomenon that has been discussed by Sturm and
Benson [1997].

[18] Using depth hoar crystal growth rates [Fukuzawa
and Akitaya, 1993], measured temperature gradients (Figure
6, open triangles), and the length of time these gradients
prevailed in each layer of snow, we have computed the size

of the depth hoar crystals in each layer of snow (Figure 6,
bottom axis). The estimates indicate grains in the lowest
four layers of snow would have been 10 mm or larger.
Higher in the pack, the grain size would have fallen off
rapidly (Figure 6). These estimates are encouragingly close
to observed sizes; basal layers b, ¢, and d had crystals in
excess of 10 mm, while the upper layers had crystals that
were only 2—4 mm in size.

[19] While time series measurements of snow layer den-
sity were not made at SHEBA, we can infer, based on
analogy with snow of similar characteristics elsewhere

Temp. gradient (°C cm’) A
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Figure 6. Average temperature gradients (top axis) and
depth hoar crystal growth (bottom axis) keyed to strati-
graphic layers. The critical gradient necessary for the
formation of depth hoar (—0.25°C cm™") [Marbouty, 1980;
Armstrong, 1985] is shown as a vertical line.
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Antarctic [Sturm et al., 1998].

[Sturm and Holmgren, 1998] that the densities measured at
the end of the winter (Table 2) were not much different than
earlier in the winter. Armstrong [1980] and Sturm and Benson
[1997] have shown that depth hoar is “stiff” in vertical
compression, undergoing only limited compaction. It is also
often subjected to an upward vapor flux. Combined, these
result in a density that is nearly constant [Trabant and
Benson, 1972; Sturm, 1991; Sturm and Benson, 1997].
Similarly, wind slab layers tend to be deposited at such high
density that once deposited, they do not compact much
[Sturm and Holmgren, 1998]. Moreover, the total overburden
pressure of the thin SHEBA snowpack was too low to affect
much compaction on any type of snow.

3.2. Regional-Scale Variability of Depth, Density,
and Stratigraphy (~10* m)

[20] During April and May, snow depth was measured at
21,169 places near the SHEBA site. The mean depth was
33.7 cm with a standard deviation of 19.3 cm and a median
of 30.5 cm. Depths ranged from 0 to 150 cm (Figure 7).
About 5.8% of the area, primarily thin ice and the tops of
ridges, was covered by less than 10 cm of snow, while about
3.9% of the area, pockets adjacent to ridges, were filled by
deep drifts (>80 cm). A comparison of the probability
distribution function (PDF) for the SHEBA snow depths
with a PDF of winter snow depths from the Amundsen,
Bellinghausen, and Ross seas in Antarctica [Sturm et al.,
1998] (Figure 7) suggests that there was a higher percentage
of deep snow areas in the Arctic than the Antarctic. This
difference is probably the result of a higher concentration of
ridges, and taller ridges, in the Arctic.

[21] Based on field sampling, snowdrifts associated with
ridges occupied between 3 and 6% of the total SHEBA
study area, depending on the method of calculation. The
drifts typically extended 15 to 25 m from the ridge crests in
both directions, but not all of this area had enhanced snow
depths. In fact, at ridge crests and out near the tails of the
drifts the snow was often shallower than the snow on level
floes. In some places it was even scoured away. For the 14
stations (Table 1) that included distinctive ridge snowdrifts,
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we have computed that the drift sections had mean depths
that on average were 30% higher than the surrounding
snow. Had there been no ridges and therefore no drifts,
the mean depth at SHEBA would have been about 33 cm, a
decrease of less than a centimeter from the value determined
using all the measured depths. Of course, there would have
been no really deep snow then, and the right-hand tail of the
PDF in Figure 7 would have been truncated.

[22] The SHEBA PDF for depth can be converted into
one for snow water equivalent (SWE) using the results in
Figure 8, which indicate that there was a strong linear
relationship between depth and SWE. For all data (n = 362):

(1)
with an 72 of 0.975 and a standard error of 0.003. A slight

improvement is achieved if the regression in equation (1) is
limited to depths less than 80 cm, thereby excluding drifts:

SWE(cm) = 0.348*depth(cm)

SWE(cm) = 0.343*depth(cm) (2)
with n now equal to 357 and an »° of 0.987.

[23] The value 0.343 is effectively the bulk density of the
SHEBA snow cover. The high /~ arises for two reasons: (1)
SWE is the product of depth times density, and (2) the bulk
density of the snow (the slope of the line in Figure 8) was
basically independent of the snow depth and did not vary
with ice type. This independence of ice type can be seen in
the plot of residual values shown at the top of Figure 8,
where no pattern is apparent. Given the contrasts in density
between layers f and ¢, for example, and the large standard
deviations (SD) in layer thickness (Table 2), the finding is
somewhat surprising. There was also no significant change
in the bulk density during the six-week period that the
measurements were made. During that time, layers 4, i, and
j were added to the snowpack, but as stated before, these
layers contributed little to the total SWE. This spatial and
temporal invariance in the bulk density is convenient
because it allows depth to be converted to SWE with
reasonable accuracy over the entire SHEBA area, and over
a relatively long period during the winter.

[24] While bulk density was relatively invariant with ice
type, snow depth was not. The SHEBA PDF for all depths
shown in Figure 7 can actually be thought of as a composite
of distinct PDFs from several different types of ice. To
identify these individual PDFs, we divided the 70 stations at
which depths and other snow properties were measured into
four ice classes (Table 1). These classes were determined
from the field observations we could make most readily,
namely the ice topography, the surface roughness, and the
ice appearance revealed in the bottom of snow pits. In
increasing order of roughness and snow-holding capacity,
the classes were: (1) smooth ice (mostly refrozen leads and
undeformed first-year ice), (2) multiyear ice containing
large refrozen melt ponds and slightly rougher first year
floes, (3) hummocky multiyear ice floes with and without
small melt ponds, and (4) deformed ice (rubble fields and
ridges). The classes actually form a continuum, but in
general there was a strong consensus between observers
as to which class a particular measurement station should be
assigned. In some cases, the 100 m long lines on which
snow depth and other snow properties were measured passed
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Figure 8. Snow water equivalent (SWE) versus depth with residuals and symbols by ice type. We have
excluded sample points for depths in excess of 80 cm because they are from drifts, which typically are

denser than the general snowpack.

from one class of ice to another; in these cases, only the
subsections of the line in a single class of ice have been used
in our analysis. In Figure 9 the snow depth PDF from the
“purest” example of each class of ice is shown. These PDFs
illustrate that as the snow holding capacity and ice roughness
increased, the mean depth and the standard deviation (SD) (as
evidenced by the spread of the PDF) also increased. When
combined (and weighted by the areal fractions of the various
ice classes), the individual PDFs form a PDF that is similar to
the one shown in Figure 7 (Actually, it is a little messy since
the four PDFs shown in Figure 10 comprise only 804 points
versus the 21,169 in Figure 7). Plotting the SD as a function
of mean depth, distinct but overlapping fields of ice type were
observed (Figure 10).

[25] To test the significance of the observed variation in
depth and SD by ice class, we used an ANOVA [Davis, 1986]
with a Tukey HSD pairwise mean comparison test [SYSTAT,
1989]. These tests show that at the 90% confidence level, the
snow depth differed across all four classes of ice with the
exception that no significant difference existed between
classes 2 and 3 (refrozen ponds and hummocky ice floes).
This result could have been anticipated: it was often difficult
to differentiate classes 2 from 3 in the field. For the SD of
depth, the differentiation by class was not as distinct; only the
deformed ice class (ridges and rubble fields) could be differ-
entiated from the other three. The same was true for the SWE;
only the SWE from deformed ice class differed significantly
from the other classes (90% confidence interval).

[26] Variation in snow stratigraphy by ice class was even
more complicated (Table 3). As expected, the number of
layers and their thickness tended to increase with increasing
snow depth. Because of the positive relationship between

snow depth and ice type, the number of layers and layer
thickness therefore increased as the ice class went from 1 to 4.
In other words, there were more snow layers in rubble fields
and near ice ridges than on smooth ice, and the layers were
thicker. The number of layers tended to increase with ice class
more rapidly than the thickness of the layers, a observation
consistent with the fact that near ridges and in rubble fields
snow layers were rarely scoured away and therefore less
likely to be missing than on smoother classes of ice. The type
of snow, represented in a simple fashion by the depth hoar
and wind slab fractions (Table 3), tended toward a equal mix
where the snow was deeper and the ice was rougher (i.e.,
class 4). When the snowpack tended to be mostly wind slab
and not much depth hoar (or the reverse), then it was likely to
be found on the smoother classes of ice (1 and 2).

3.3. Local-Scale Variability of Depth, Density,
and Stratigraphy (~10* m)

[27] The PDFs in Figure 9 suggest that even on ice floes
that were relatively homogenous and could be classified as
a single type of ice, considerable local spatial variability in
snow depth could be found. Mapping the depth verified
this fact. Data collected from a flat portion of a multiyear
floe (Figure 1, station “Sediment City,” ice class 3) with
no visible ridges or structural breaks showed a snow cover
whose depth varied by a factor of six over distances as
short as 20 m (Figure 11) and an irregular horizontal
alternation of patches of thick and thin snow ranging from
15 to 40 m in length. A cross section (Figure 11, top left)
through the map area showed that the variation in depth
arose from a combination of undulations in the ice surface
and drifts at the snow surface. Two long probe lines (each
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Table 3. Stratigraphic Characteristics for Each Station Where Snow Stratigraphy was Measured

Station Ice Code Bulk Density, Number of Average Layer Total Thickness, Hoar Slab Fraction
g/cm3 Layers Thickness, cm cm Fraction
Atlanta 2 0.355 3.6 8.8 31.0 0.303 0.643
Atlanta triangle 3 0.347 53 6.8 36.0 0.400 0.462
2 east 2 0.326 5.5 7.7 39.7 0.247 0.453
1 cast 1 0.221 2.7 39 10.5 0.153 0.300
Tuk 4 0.345 43 5.3 26.3 0.450 0.383
Tuk lead 0 0.347 4.8 17.4 38.2 0.349 0.637
Tukx 4 0.302 5.0 4.0 20.5 0.287 0.445
3NE 3 0.287 49 4.5 21.3 0.134 0.474
1 NE 2 0.359 3.5 4.8 15.7 0.172 0.567
Seattle 2 0.337 6.0 6.9 42.5 0.267 0.469
Quebec 2 0.328 4.5 6.6 30.5 0.307 0.496
Pittsburg 4 0.358 6.8 6.2 43.0 0.290 0.509
Sediment City 3 0.332 5.4 4.7 27.7 0.369 0.336
Delaware 3 0.339 4.5 7.1 27.8 0.196 0.489
1 SE 3 0.295 7.7 6.3 48.8 0.388 0.309
1 TSE 4 0.304 5.7 8.7 475 0.219 0.368
2 SE 0 0.325 5.7 6.1 35.0 0.363 0.327
Baltimore 0 0.379 4.7 10.4 50.0 0.457 0.516
IN 1 0.314 2.7 4.7 13.2 0.141 0.463
2N 1 0.285 3.0 5.1 14.0 0.551 0.394
3N 1 0.258 3.2 4.1 13.4 0.540 0.265
4N 0 0.330 4.5 8.6 36.5 0.420 0.330
I NW 4 0.292 4.8 7.1 333 0.333 0.128
4 NW 4 0.266 5.2 5.5 29.5 0.620 0.181
2 TSE 2 0.307 3.8 4.7 17.5 0.575 0.269
3 TSE 3 0.325 4.7 9.6 44.7 0.528 0.396
4 TSE 1 0.312 3.8 5.8 22.5 0.371 0.523
5 TSE 3 0.315 5.6 6.2 352 0.524 0.400
6 TSE 2 0.331 4.6 8.9 39.7 0.611 0.365
1 West 2 0.328 5.0 6.7 32.0 0.487 0.513
Ridge 4 0.350 7.0 19.3 135.0 0.367 0.474
Wilmington 3 0.306 32 5.1 14.6 0.255 0.517
Peak 3 0.338 4.7 8.7 37.6 0.435 0.491
Averages 0.320 4.7 7.2 33.7 0.37 0.42

> 300 m) forming an “X” near the map area (Figure 1)
confirmed that the variations were widespread.

[28] The 20 m patch size visible in Figure 11 was a
consistent feature throughout the SHEBA area. From semi-
variograms [Isaaks and Srivastava, 1989] of the longer snow
depth probe lines (Figure 12), we found that the dominant

structural size fell in a narrow band centered on 20 m (it
varied from about 13 to 30 m). A semivariogram describes
the spatial variation in a property as a function of the
distance between sampling points using two main descrip-
tive variables, the range, and the sill [Clark, 1980]. The
range is a good measure of structural length. In this case,

depth (m)
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A snow depth map from station Sediment City (Figure 1) derived from 11,531 radar

measurements. It suggests that homogeneous areas of depth were on the order of 20 m in length. The
cross section (top left) was measured in the area shown by the yellow arrow; it indicates that both ice
roughness and snow surface undulations gave rises to the depth variations.
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Figure 12. Semivariograms for snow depth for a wide variety of ice types. The “R” refers to the point
on each curve where the semivariance reaches a sill value, which is known as the “range.” This point

defines the length scale of structures in the snow.

it describes the spatial variation in snow depth along a
traverse line. The sill is a measure of the average ampli-
tude, in this case the variation in snow depth, and it is
approximately equal to (SD)®. For lag intervals smaller
than the range, the semivariance (y values in Figure 12)
increase monotonically because the sampling is within a
coherent structure, but for lag distances greater than the
range, the semivariance approaches a fixed value, which at
SHEBA varied with ice class. The most interesting point is
that for the snow at SHEBA the range (“R” in Figure 12)
was nearly constant over a wide range of snow depths, ice
types, and semivariances.

[20] One useful consequence of this 20 m patch finding is
that for scale distances greater than 20 the snow depth at
SHEBA behaved like random variable with a “‘regional-
ized” mean value set by ice class. As expected from Figure
10, the sill increased with increasing mean depth and SD of
depth (see key on Figure 12). This systematic variation can
also be expressed in terms of ice classes: As the ice got
rougher (or as the ice class increased from 1 to 4), the
semivariograms shifted upward, and perhaps just a little to
the right. Semivariograms that intersected multiple ice
ridges had the highest sills, while semivariograms with

the lowest sills came from smooth floes of ice class 2 (no
long lines were measured on ice class 1).

[30] We do not know the origin of the 20 m snow patch
size, but we think it must have been the result of a complex
interaction between ice roughness and the surface processes
that create snowdrift features like dunes, barchans, and
sastrugi [Doumani, 1966]. We note that semivariograms
computed for stations with virtually flat ice (i.e., station 1
north) had snow surface undulations that averaged only 10
m in size, while ice ridges, acting like snow fences, created
drift aprons that averaged about 25 m in width in each
direction, for a bidirectional width of 50 m. From these data
we conclude that neither the ridges nor the snowdrifts alone
were the source of the 20 m patches. Yet when colocated
snow and ice profiles are compared, an inverse linkage
between the two is apparent. Snow surface elevation and ice
features like melt pond edges and hummocks align. For
example, in the cross section in Figure 11, a number of
prominent high points at the snow surface appear directly
above small refrozen melt pond depressions in the ice, and
this visual impression is confirmed by the cross-correlation
coefficient (r = —0.57 at a lag of 0.25 m). At station
Delaware the cross-correlation coefficient (r) between snow
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Figure 13. (a) Variations in snow properties across a small

refrozen melt pond with the associated temperature of the
snow-ice interface. (b) Sequence of snow filling a refrozen
melt pond similar in size and shape to the one shown in
Figure 13a, SHEBA camp, autumn of 1998.

surface peaks and melt pond depressions was —0.61. In
both cases the snow depth structure length was about 20 m,
while the ice structure length (structures other than ridges)
was only about 10 m. These examples show that small and
ubiquitous ice structures like melt pond edges nucleate
snow features of longer wavelength, and these features
persist, and are perhaps even enhanced, through multiple
snowfall events like those that deposited the f'and g slabs.

[31] These small-scale interactions between the ice and
snow can feedback to ice growth, as the detailed cross
section in Figure 13 suggests. The low edges (0.3 m) of a
refrozen melt pond, interacting with drifting snow, have
produced large lateral variations in the snow depth and
stratigraphy (Figure 13a). Above the pond, snow layers ¢
and f'are considerably thicker than elsewhere, and slab layer
f has created a dune that has subsequently helped to trap
newer layers of snow. Adjacent to the pond, layer b is
missing, but it is present as a thin layer over the pond (but
not shown in Figure 13a for simplicity). In all, the pond
depression is associated with a thicker snowpack containing
more layers. Observations made in the closing days of the
SHEBA experiment (Figure 13b) help explain how this depth
enhancement over the pond might have occurred. During the
ephemeral and rapid buildup stages of the winter of 1998—
1999, wind transport of snow rapidly filled a melt pond
depression similar to the one shown in Figure 13a. By early
October the refrozen pond was already filled completely,
while adjacent areas had been nearly swept clean of snow.
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This is also the reason that the snow at the sonic sounder
located over the small melt pond at Seattle (Figure 2) showed
deeper snow than on the nearby main line. This early season
in-filling then created a favorable location for the trapping of
drift snow during the remainder of the “buildup” and during
the “winter storm” stages of the winter.

[32] This small-scale interaction between the snow and
ice not only produced snow above ponds that was thicker,
but it also ensured that the snow was in place earlier in the
winter, a circumstance conducive to the development of
depth hoar (Figure 6). Field observations confirmed that the
depth hoar above small melt ponds was not only thicker, but
was also less dense, more poorly bonded, and a better
insulator than elsewhere. As a result, snow-ice interface
temperatures tended to be higher (about 4° in the case
illustrated in Figure 13a) above the ponds. Observations
(H. Eicken, personal communication, 1999) suggest that the
ice beneath such ponds is thinner than elsewhere, even in
spring before albedo contrasts can account for the ice
thickness differences. Indeed, during the winter at SHEBA,
the ice over a refrozen melt pond at Seattle thickened from
0.9 to 1.4 m, while the hummocky ice at Quebec increased
from 1.8 to 2.5 m; the initial thickness of the hummocky ice
was twice that of the melt pond, yet there was 50% more ice
growth. This difference was in large part due to the deeper,
more insulative snow over the pond (40—60 cm) than over
the hummocky ice (10—20 cm). We speculate that because
of rapid early winter covering of refrozen melt ponds by
snow, and the fact that this snow tends to retard the ice
growth during the winter, the ponds will be thinner and tend
to melt more readily in spring and therefore are more likely
to become ponds again the following summer.

4. Discussion

[33] Are the snow measurements from SHEBA typical of
the Arctic Basin in general? The average end-of-winter
depth (33.7 cm) is nearly identical to tabulated and mapped
values for the same sector of the Arctic based on measure-
ments collected between 1954 and 1991 [Radionov et al.,
1997; Warren et al., 1999]. The average density (0.343 g
ecm ) is slightly higher than the mapped value for the
SHEBA area (0.330 g cm > from the map of Warren et al.
[1999]), but well within the scatter of the historical data.
The combined depth and density for SHEBA give a mean
SWE of 11.6 cm, which is close to the mean value for the
entire basin of 11 cm. Moreover, across a large area of the
central Arctic Basin the maps based on a 37 year record
indicate only a limited range of depth and density, within
which the SHEBA results fall nicely. Based on this compar-
ison, we infer that the 1997—-1998 snow cover at SHEBA
was normal, unlike the ice under it, which was unusually
thin [Perovich et al., 2002]. We also suggest that the snow
observed at SHEBA was representative of the snow cover
over a wide areas of the central Arctic Ocean, perhaps
excluding the eastern Arctic Basin, where winter precipita-
tion rates and snow depths tend to be higher [Serreze et al.,
1997]. Unfortunately, we have been unable to find any
detailed observations of snow stratigraphy against which to
compare our stratigraphic results.

[34] The temporal evolution of the SHEBA snow cover
also followed a pattern that appears to be typical. A rapid
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build up of the snow cover from September through
November, followed by a much lower rate of buildup
between December and May, has been noted for the Arctic
Basin in general by Warren et al. [1999], and the SHEBA
results agree well with this pattern. By 11 October, there
was already an average of about 11 cm of snow on the ice
(Figures 2 and 4), and by 1 November the 15 cm values that
match well with the results presented by Warren et al.
[1999; Figure 13]. More specifically, the general increase of
snow depth with time at SHEBA (Figure 2) is remarkably
similar to results from drifting station A (1957—1958) as
reported by Untersteiner [1961] and AIDJEX as reported by
Hanson [1980], both of which were also located in the
Beaufort Sea.

[35] The snow stratigraphy, which gave the snowpack its
essential characteristics at SHEBA, was the product of a few
limited wind and snow events, combined with the steady
production of depth hoar due to strong temperature gra-
dients imposed on the snow. Two additional questions need
to be answered if we are to conclude the snow was typical:
First, were temperature gradients unusually strong in 1997—
1998, producing a greater amount of depth hoar than
normal, and second, were the number of wind-slab-forming
events unusually high or low?

[36] The answer to the first question is no. Air temper-
atures at SHEBA during 1997-1998 were slightly lower
than normal during the winter but were slightly higher than
normal in the spring [Perovich et al., 1999a, 1999b], and the
ice was thinner than normal (1.8 m instead of the more
typical 2.5 m). Using a simple vertical, one-dimensional
heat flow model in which we assume over periods of a
month or more that the heat flow through the ice balanced
the heat flow through the snow, we have computed the
temperature gradients in the snow that that would have
developed if the ice had been 3 m thick, and if “normal”
temperatures (as indicated by Martin and Munoz [1997])
had prevailed. These calculated temperature gradients are
about 20% lower than those observed (Figure 6) during the
first four months of the winter, but are higher than observed
in the spring. The 20% change is insufficient to drop the
gradient below the critical value necessary for depth hoar
formation, so we conclude that the change in depth hoar
production would be negligible. Basically, the extremely
low air temperatures and relatively high ice surface temper-
atures found throughout the Arctic Basin in winter ensure
that depth hoar will develop every year, and it will always
comprise a substantial amount (about 40%) of the snow-
pack, unless other factors (no snow or the snow is extremely
dense slab) prevent its formation.

[37] Assessing whether the number of slab-forming win-
ter storms was unusually high or low in 1997—1998 is more
difficult. Analysis of the Comprehensive Ocean Atmos-
phere Data Set (COADS) [Woodruff et al., 1987] by Clark
et al. [1996] and Serreze et al. [1997] indicates that average
surface wind speeds throughout the Arctic Basin are at, or
below, the threshold necessary for snow transport (<5 m/s).
In the COADS data the probability of high winds (in excess
of 10 m/s) is greatest in September and October, drops in
November through January, and then peaks again in Feb-
ruary, but is never more than 6%. Lindsay [1998] obtained
similar results using data from the Russian drifting stations.
These results are consistent with the timing and the low
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number of winter storms observed at SHEBA, but since
simultaneous wind and precipitation was necessary to
produce the substantial slabs of 1997-1998, we really
cannot tell if it was an unusual year or not. We want to
emphasize again, however, how important these infrequent
and short duration weather events can be in setting the
characteristics of the snow cover in any given year.

5. Representing the Snow Cover
in Ocean-Ice-Atmosphere Models

[38] In coupled ocean-ice-atmosphere models [Maykut
and Untersteiner, 1971; Ledley, 1991; Ebert and Curry,
1993], snow cover is important because it insulates the ice,
reducing the heat loss to the atmosphere during the winter,
and also because it raises the albedo, increasing the amount
of solar radiation reflected back to space. Snow depth and
density, which are often specified, are used to determine
many of the key snow properties of interest, like thermal
conductivity. In many models, as snow depth increases, the
layers of snow compact, and as they compact and increase
in density, the value of thermal conductivity is increased
since virtually all models use some variant of a positive
density-thermal conductivity function [Maykut and Unter-
steiner, 1971; Ledley, 1991; Ebert and Curry, 1993; Loth et
al., 1993; Lynch-Stieglitz, 1994]. On the basis of our results
we suggest the snow cover might best be modeled using the
following approaches or approximations.

1. Temporal evolution of snow depth: The rapid buildup
of the snow cover on the sea ice of the Arctic Basin that
occurs in September, October and November has been
described before [Vowinkel and Orvig, 1970; Radionov et
al., 1997; Warren et al., 1999], and our data (Figure 2) show
the same pattern. The timing and number of these early
winter storms, and the amount of snow they deposit, is
critical in determining the thermal history of the ice. Early
storms will insulate the ice from the low air temperatures in
November and December, and can therefore retard the
growth of ice significantly. In the case of SHEBA the
insulating blanket of the snow had nearly reached its
maximum depth by mid-December. Failure to increase the
snow depth early in model runs could lead to overestimates
of early season heat losses. The rapid buildup can be
modeled using published historical patterns, but we suggest
it could also be modeled effectively using synoptic weather
analyses. We note that in the case of SHEBA, only three or
four events were needed to achieve the rapid build up.

[39] In a similar fashion, the limited number of weather
events we have called “winter storms,” responsible for the
change in the snowpack during the remainder of the winter
(Figures 4 and 5), are the result of specific and predictable
synoptic events that could be modeled either stochastically
or deterministically. The weather-to-snow layer connections
are fairly simple: Small snowfalls rarely are preserved in the
stratigraphic column (Figure 4), while the development of
important layers of snow in the pack (such as f) require
nearly simultaneous high wind and snowfall (Figure 5). The
latter is a rare combination in any given winter, and there-
fore the likelihood of depositing several f'slabs is not high.
The limiting factor is precipitation, not wind, which is
frequently strong enough to transport fresh snow, so the
modeling problem comes down to accurately simulating
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when (or if) large amounts of mid-winter precipitation will
occur. We note that for the winter of 1997—1998, the entire
snowpack was created during an aggregate of just 14 days
out of a 240 day winter, or less than 6% of the total time.
The motivation for modeling snow cover formation in this
way is that a single weather event, for example the event
that created the f slab, can have a profound impact on the
depth distribution and thermal/mechanical properties of the
SNOW COVer.

2. Temporal evolution of snow density: Two of the three
types of snow found in the pack (wind slab and depth hoar;
Table 2 and Figure 3) resist densification. In addition, the thin
snowpack at SHEBA, and the Arctic Basin in general,
provides little overburden pressure to cause layers of snow to
densify. Assuming an initial density for each snow layer,
perhaps based on wind speed or precipitation rates, and then
keeping the density of that layer constant through the
remainder of the winter, may be the most accurate way to
represent the snow cover evolution. On the basis of 37 years
of data, Radionov et al. [1997] noted little change in the bulk
density of the Arctic Basin snowpack between December and
April, consistent with the approach we are suggesting.

3. Depth hoar formation: Depth hoar is an excellent
insulator and results in low bulk values of thermal
conductivity for the snow cover [Sturm and Johnson, 1992;
Sturm et al., 1997]. We have shown (Figure 6) and discussed
why depth hoar will form reliably, rapidly and continuously
on the sea ice each winter. Fukuzawa and Akitaya [1993]
have published rates of depth hoar formation versus
temperature gradients in the snow, and Akitaya [1974] has
observed that high-density layers like wind slabs will resist
metamorphosing into depth hoar. Snow temperature gradi-
ents can be readily estimated in models, and wind speeds can
be used to determine if a layer has been deposited at a density
too high to allow metamorphosis. Allowing snow layers to
evolve into depth hoar in models might produce more
accurate estimates to the bulk thermal conductivity.

4. Wind slab formation: The air layer immediately above
the snow surface on Arctic sea ice is frequently super-
saturated with water vapor [Andreas et al., 2002], due in
large part to moisture available from abundant leads.
Surface riming and hoarfrost formation may increase the
bonding in surface snow layers and therefore decrease the
likelihood of wind drifting after deposition. This character-
istic makes it even more likely that combined snow and
wind events are needed to produce robust slab layers in the
snowpack of the Arctic Basin, and could further simplify
modeling of the snow cover (by removing the need to model
drifting after deposition). However, the phenomenon needs
to be better documented before implemented in models.

5. Variation of snow characteristics by ice class: Snow
depth can be tied to ice class (Figure 10 and Table 3). If the
ice class can be determined by remote sensing, then the
spatial distribution of depth can be modeled over large
areas. In addition to depth, the SD of depth, the SWE, the
number of snow layers, and the amount of wind slab and
depth hoar all seemed to vary by ice class (Table 3; Figures
9 and 10). Using even simple ice-to-snow relationships
should result in an improvement in the accuracy of
representing this wide range of snow characteristic in
simulations. We chose four classes of ice, but our central
two classes could rarely be differentiated. Perhaps three
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classes of ice (thin, deformed, and undeformed) would be
sufficient for the purposes of simulating the snow cover.

6. Modeling snowdrifts associated with ice ridges:
Drifting snow creates wedge-shaped aprons of snow about
25 m wide that blanket both flanks of ice ridges. While
these drifts are fairly conspicuous, our measurements
indicate that their relative volume is small: they occupy
less than 6% of the total ice surface area and averaged over
their whole width are only about 30% deeper than normal
snow. However, the drifts play an important thermal role
that has biological consequences. The drifts are thickest,
and therefore reduce the heat flow the most, exactly
above the cracks in the ice that parallel the ridges. As a
consequence, these seawater filled cracks can and often do
remain unfrozen throughout the winter (to the peril of a
traveler). Seals use the cracks for access to the ice surface
and den in the drifts. Modeling of the drifts may not be
important from the standpoint of mass balance, but may be
necessary to predict heat losses and changes of climate and
ice conditions on the marine mammals.

7. Small-scale processes and depth distribution within ice
classes: Snow depth varied at the surprisingly reliably length
scale of 20 m (Figure 12), regardless of ice class. This small-
scale variation is well below the grid scale of most models,
which is convenient because at scales greater than 20 m, the
depth can be treated like a normally distributed random
variable with the mean and SD set by ice type (Figures 9 and
12). Caution needs to be exercised, however, because
variations in snow depth, density, and character at scales of
1-20 m can be large, and the characteristics and evolution of
the snowpack can vary sharply over these short distances.
This lateral variability gives rise to variations in temperatures
that are surprisingly large (Figure 13). In particular, there
appears a close association between these small-scale
variations and melt pond features, which are ubiquitous over
the ice. Over melt ponds the snow is not only deeper, but
forms much earlier in the season than elsewhere, a process
that could have important implications for the production of
ice during the winter.
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